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Abstract
Nanolayered TiN/CrN multilayer coatings were deposited on silicon substrates using a reactive DC magnetron
sputtering process at various modulation wavelengths ðLÞ; substrate biases ðVBÞ and substrate temperatures ðTSÞ: X-ray
diffraction (XRD), nanoindentation and atomic force microscopy (AFM) were used to characterize the coatings. The
XRD confirmed the formation of superlattice structure at low modulation wavelengths. The maximum hardness of the
TiN/CrN multilayers was 3800 kg/mm2 at L ¼ 80 (A, VB ¼ 150V and TS ¼ 400C. Thermal stability of TiN, CrN
and TiN/CrN multilayer coatings was studied by heating the coatings in air in the temperature range (TA) of 400–
800C. The XRD data revealed that TiN/CrN multilayers retained superlattice structure even up to 700C and oxides
were detected only after TAX750C, whereas for single layer TiN and CrN coatings oxides were detected even at 550C
and 600C, respectively. Nanoindentation measurements showed that TiN/CrN multilayers retained a hardness of
2800 kg/mm2 upon annealing at 700C, and this decrease in the hardness was attributed to interdiffusion at the
interfaces.
r 2003 Elsevier Ltd. All rights reserved.
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A variety of nanolayered multilayer coatings,
also known as superlattices, have been studied
extensively in recent years because of their
promising properties [1,2]. Multilayer coatings of
ceramic materials are an emerging class of hard
materials. The properties of the superlatticesg author. Tel.: +91-805086494; fax: +91-
ss: harish@css.cmmacs.ernet.in
front matter r 2003 Elsevier Ltd. All rights reserv
uum.2003.08.003depend critically on the modulation wavelength
ðLÞ; that is the bilayer thickness. The ceramic
superlattices exhibit exotic mechanical properties.
For example, a hardness of greater than 5000 kg/
mm2 has been reported for single-crystalline TiN/
NbN and TiN/VN superlattices with a modulation
wavelength of 50–85 (A [3,4]. Apart from high
hardness, the ceramic multilayer coatings also
exhibit high strength, and wear resistance [5,6].
Therefore, these coatings have great potential as
protective coatings on cutting tools and other
mechanical components. For cutting tool applica-
tions one not only needs to prepare hard anded.
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very important. Tools protected by the hard
coatings often operate at elevated temperatures
in air. The thermal stability of TiN and CrN
coatings has been studied in the literature [7–12].
Though TiN is harder than CrN it suffers from
lower thermal stability. CrN has been reported to
be more thermally stable than TiN [8,12]. TiN/
CrN multilayers are technologically important
coatings and are expected to have superior
mechanical and tribological properties [13–16].
Very few studies are reported on the thermal
stability of nanolayered TiN/CrN multilayer
superlattice coatings [17,18]. Also, the mechanical
properties of TiN/CrN multilayers as a function of
annealing temperature have not been studied in
detail. The objectives of this paper are to study the
structural and mechanical properties of TiN/CrN
multilayers and also to discuss the thermal
stability of these coatings.2. Experimental details
Alternate layers of TiN and CrN of varying
thicknesses were deposited on silicon (1 0 0) sub-
strates using a reactive DC magnetron sputtering
system. In order to get varying thicknesses of TiN
and CrN layers, 300 diameter high purity Ti (99.95%)
and Cr (99.99%) targets were sputtered for different
durations in high purity argon (99.999%) and
nitrogen (99.999%) plasma. The power densities
were B5 and B2W/cm2 for Ti and Cr targets,
respectively. The Ti and Cr sputtering guns were
shielded from each other to minimize the cross-
contamination. Typically, TiN/CrN multilayers were
deposited under a base pressure of B5.0 104 Pa
and a total Ar+N2 gas pressure ofB5.0 10
1 Pa.
Special gas feeding system was designed to create
differential partial pressures of the reactive gas near
the Cr and Ti targets as the heats of formation of
TiN (80.8kcal/mol) and CrN (29.8kcal/mol) differ
considerably. A total nitrogen flow rate of 2.0 sccm
was used for all the depositions. A substrate bias
varying from50 to250V was applied to improve
the mechanical properties of the coatings. An
external radiant heater was used to heat the
substrates during the deposition. A chromel–alumelthermocouple fixed near the substrate measured the
substrate temperature. The substrates were chemi-
cally cleaned in an ultrasonic agitator in acetone,
absolute alcohol and trichloroethylene. Subse-
quently, the substrates were cleaned in situ by Ar+
ion bombardment for 30min, wherein a DC bias of
850V was applied to the substrate at an argon
pressure of 6.0 101Pa. A 0.5mm thick Ti inter-
layer was deposited for all the samples to improve
the adhesion of the coatings. Under these conditions,
typical growth rates were B2 and B6 (A/s for TiN
and CrN, respectively. The total thicknesses of the
coatings were 2mm. Multilayer coatings with con-
trolled layer thicknesses and repeatability were
deposited using a PC-based dwell time controller.
In this system, a stepper motor was connected to the
substrate holder through a rotary feedthrough. The
stepper motor was controlled by a driver circuit.
The X-ray diffraction (XRD) data of the coat-
ings in Bragg–Brentano ðy22yÞ geometry were
recorded in a Rigaku D/max 2200 Ultima X-ray
powder diffractometer. The X-ray source was a Cu
Ka radiation (l ¼ 1:5418 (A). The hardness mea-
surements were performed in a nanoindenter
(CSEM Instruments) at a load of 5mN using a
Berkovich diamond indenter. At this load the
indentation depth was much less than 1/10th of the
coating thickness, thus eliminating the effect of
substrate on the hardness measurements. Ten
indentations were made on each sample and
results presented herein represent the averages of
10 indentations. Surface morphologies of the
coatings were measured by atomic force micro-
scopy (AFM), which was operated in non-contact
mode (Surface Imaging Systems). In order to test
the thermal stability of the coatings, TiN, CrN and
TiN/CrN multilayers were simultaneously heated
in air in a resistive furnace at TA ¼ 400C, 500C,
550C, 600C, 700C, 750C and 800C. Anneal-
ing involved increasing the temperature of the
samples from room temperature to the desired
temperature at a slow heating rate of 3C/min and
maintaining the desired temperature for 30min.
Subsequently, the samples were cooled down at a
rate of 3C/min. The structural changes and
hardness of the coatings as a result of heating
were measured using XRD and nanoindentation,
respectively.
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Fig. 1. High-angle XRD data of TiN/CrN multilayers depos-
ited at different modulation wavelengths. The spectra show
{1 1 1} texture and reveal satellite peaks on both sides of the
main Bragg (1 1 1) reflection.
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3.1. Structure of TiN/CrN Multilayers
It is known that CrN exists in different phases
(c-CrN and b-Cr2N) and there is a limited range
of nitrogen concentration wherein stoichio-
metric phases of TiN and CrN with B1 NaCl
structure exist. The deposition conditions were,
therefore, carefully optimized after a series of
experiments involving variations of nitrogen par-
tial pressure, target power, operating pressure and
substrate bias. Typical deposition conditions for
TiN were: sputtering power=225W, substrate bias
=200V, current density on the substrate=
1.1mA/cm2, total flow rate of nitrogen=2.0 sccm
and operating pressure=4.0 101 Pa. CrN was
deposited under the following conditions: sputtering
power=100W, substrate bias=200V, current
density on the substrate=0.3mA/cm2, total flow
rate of nitrogen=2.0 sccm and operating pressur-
e=4.0 101 Pa. The flow distribution of nitrogen
was made in such a way that higher partial pressure
of nitrogen was created near Cr target than Ti target.
Under these conditions cubic phases of TiN and
CrN with {1 1 1} texture were obtained (results not
presented). The intensity of (2 00) reflection for both
TiN and CrN was low and other reflections such as
(2 2 0) and (3 11) were not detected in the diffraction
patterns. This showed that under these deposi-
tion conditions both TiN and CrN coatings had
{1 11} texture.
After optimizing the deposition conditions for
TiN and CrN, multilayer coatings were prepared
at different modulation wavelengths, substrate
temperatures and substrate biases. Fig. 1 shows
typical XRD data of TiN/CrN multilayers depos-
ited at four modulation wavelengths. The sub-
strate bias was 200V and the substrate
temperature was 400C. All the coatings exhibited
first-order positive and negative satellite reflections
(SR) along (1 1 1) principal reflection (PR), thus
confirming the formation of superlattice structure.
The first order satellite reflections were observed
for 130 (AXLX40 (A: Coatings deposited at higher
Ls showed even second-order satellite reflections.
The peak centered at 2y ¼ 40:1 was assigned to
Ti(0 1 1), which was from the titanium interlayer.For the coating prepared at L ¼ 40 (A an addi-
tional broad peak centered at 2y ¼ 33:02 was
observed. This peak was due to impurities in the
substrate, which was established by recording
XRD data of the uncoated silicon substrate. For
all the coatings the intensity of (2 0 0) principal
reflection was very low as compared to the (1 1 1)
principal reflection, indicating {1 1 1} texture of the
coatings. The satellite peaks shifted towards
principal reflection with an increase in the mod-
ulation wavelength. The intensity ratio of the
satellite reflection to the main Bragg peak ðIS=IBÞ
decreased almost linearly with decreasing L;
indicating that at low L the interfaces between
CrN and TiN became diffused. As will be
discussed later, coatings exhibited maximum hard-
ness at L ¼ 80 (A.
3.2. Hardness of TiN/CrN Multilayers
The hardness variation of TiN/CrN multilayers
as a function of modulation wavelength is shown
in Fig. 2. The substrate bias was 200V and the
substrate temperature was 400C for all the
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Fig. 3. Variation of nanoindentation hardness of TiN/CrN
multilayer coatings with substrate bias. The modulation
wavelength was 80 (A and the substrate temperature was
400C. Also, shown is the variation of average crystallite size
with substrate bias.
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TiN coatings deposited under the similar deposi-
tion conditions were B1000 and 2500 kg/mm2,
respectively. The rule-of-mixtures value would be
B1750 kg/mm2. In the modulation wavelength
range 300 (AXLX40 (A, the hardness showed a
peak at L ¼ 80 (A and the maximum hardness was
3600 kg/mm2. This enhancement in the hardness of
multilayer coatings was about 2 times the rule-of-
mixtures value. A variety of mechanisms have
been put forward to explain the enhanced mecha-
nical properties of the nanolayered multilayer
coatings and these are discussed in the literature
[19,20].
Apart from the modulation wavelength, hard-
ness of the coatings was also dependent on the
substrate bias and its variation is shown in Fig. 3.
A maximum hardness of 3800 kg/mm2 (L ¼ 80 (A,
TS ¼ 400C) was achieved at VB ¼ 150 V: The
hardness decreased from 3800 to 1770 kg/mm2 as
the bias was decreased from 150 to 50V. At
higher substrate bias (e.g., VBX 200V) the
hardness again decreased, presumably because of
ion beam intermixing effects at the interfaces and
interface roughening. This observation is consis-
tent with the earlier reports on effect of substrate
bias on the mechanical properties of multilayers0 40 80 120 160 200 240 280 320
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Fig. 2. Variation of nanoindentation hardness of TiN/CrN
multilayer coatings with modulation wavelength. Also, shown
are the hardnesses of single layer TiN and single layer CrN
coatings.[21,22]. The enhanced hardness as a result of ion
bombardment can be explained by ion-induced
densification below 150V and deterioration of
the superlattice structure caused by interdiffusion
and interface roughness above 150V. Ion bom-
bardment during the film growth suppresses the
formation of the large grains with voided or
cracked boundaries because of a continuous
renucleation process. This was supported by
XRD and AFM data. The average grain size, as
determined from the Scherrer equation, decreased
from 165 to 120 nm as the bias was increased from
50 to 250V (see Fig. 3). The AFM images also
showed fine-grained morphology for the coatings
deposited at higher substrate bias voltages. Typical
AFM images of 200 nm thick TiN/CrN multi-
layers (L ¼ 80 (A, TS ¼ 400C) deposited at a
substrate bias of 50 and 150V are shown in
Fig. 4. The decrease in the grain size with an
increase in VB has been reported for TiN coatings
[23]. Increasing the substrate bias increases the
energy of the impinging ions and as a result
resputtering occurs. Furthermore, as the energy of
the impinging ions increases, the generation of
defects and preferential resputtering of ad-atoms
increase, thus lowering the ad-atom mobility [24].
These processes, in turn, produce an increased
number of preferential nucleation sites, which
ARTICLE IN PRESS
Fig. 4. (a) Three-dimensional AFM image of 200 nm thick
TiN/CrN multilayer coating deposited at a substrate bias of
50V. (b) Three-dimensional AFM image of 200 nm thick
TiN/CrN multilayer coating deposited at a substrate bias of
150V.
Fig. 5. High-angle XRD data of as-deposited TiN/CrN multi-
layer coating and coatings heated at 700C, 750C and 800C.
The modulation wavelength was 80 (A.
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affected the crystallite size but not the texture of
the coatings. All the coatings showed {1 1 1}
texture, irrespective of the substrate bias.
Another deposition parameter, which affected
the hardness of TiN/CrN multilayer coatings was
the substrate temperature. Films deposited at
room temperature showed a hardness of
B3000 kg/mm2 (L ¼ 80 (A, VB ¼ 200V). With
an increase in the substrate temperature up to
400C the hardness increased gradually to
3600 kg/mm2. Further increase in the substrate
temperature up to 450C resulted in marginal
decrease in the hardness. The increased hardness
of multilayer coatings with substrate temperature
is believed to be due to reduced porosity of the
coatings at higher deposition temperatures. Petrovet al. have reported a decrease in the intercolum-
nar porosity of TiN coatings with substrate
temperature at a fixed substrate bias [23].
Moderately higher substrate temperature is also
known to reduce the incorporation of argon atoms
in the interstitial sites in sputtered coatings [26].
The decrease in the hardness for TS>400
C may
be related to the interdiffusion between TiN and
CrN layers, which increases the interface rough-
ness and deteriorates the superlattice character of
the coatings. Thus, an optimum substrate tem-
perature of 400C was used for all the multilayer
depositions.
3.3. Thermal stability of TiN/CrN multilayers
Fig. 5 shows the XRD data of an as-deposited
TiN/CrN multilayer coating and coatings heated
in air at 700C, 750C and 800C for 30min.
XRD patterns for samples heated at 400C, 500C
and 600C are not shown in Fig. 5 as no structural
changes were observed for these samples. For all
the coatings, the modulation wavelength was 80 (A,
the substrate bias was 200V, the substrate
temperature was 400C and the total thickness
was 2 mm. TiN/CrN multilayer coating heat
ARTICLE IN PRESS
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(1 1 1) principal reflection and no phases of
titanium and chromium oxides were detected in
the XRD data. Evolution of oxide phases was
observed at TA ¼ 750C but the satellite peaks
could still be seen at this temperature. However,
the satellite peaks completely disappeared at
800C. This indicated that coating retained its
superlattice character even after heating up to
700C. The main Bragg peak shifted to higher 2y
values with increasing TA: This shift may be due to
stress relaxation as a result of annealing. Com-
pressive stresses are commonly observed in bias
sputtered coatings because of defects created by
Ar+ ion bombardment [27]. Single layer coatings
of CrN and TiN were also heated under identical
conditions at 400C, 500C, 550C, 600C, 700C,
750C and 800C. As shown in Fig. 6 for CrN
coatings Cr2O3 was detected even at 600
C in the
XRD. For TAX700C the coatings oxidized
significantly. Similarly, TiO2 was detected for
TiN coatings at 550C (results not shown).
For hard coatings it is important to study the
mechanical properties at elevated temperatures, as
these coatings are potential candidates for wear
resistance applications in cutting tools. In Fig. 7
we plot the variation of hardness of TiN/CrNFig. 6. High-angle XRD data of as-deposited CrN coating and
coatings heated at 600C, 700C and 800C.multilayer coatings (L ¼ 80 (A, TS ¼ 400C and
VB ¼ 200V) as a function of annealing tempera-
ture. Nanoindentation data on coatings heated at
750C and 800C are not presented as these
samples begun to oxidize and the measurements
are expected to be incorrect. None of the TiN,
CrN and multilayer coatings showed delamination
as a result of heating even at the highest annealing
temperature (800C), indicating good adhesion
between the coating and the substrate. It is
interesting to note that even after annealing up
to 700C the multilayer coatings retained hardness
as high as 2800 kg/mm2. The decrease in the
hardness of multilayer coatings as a result of
annealing was attributed to interdiffusion at the
interfaces. This was established by calculating the
intensity ratio of satellite reflection to Bragg
reflection in the XRD data, which is a measure
of superlattice character [3]. Variations of IS=IB
and hardness of multilayers with annealing tem-
perature are shown in Fig. 8. Both hardness and
ðIS=IBÞ decreased almost linearly with TA: The
XRD and the nanoindentation data are, therefore,
consistent with each other.
The oxidation mechanisms of TiN and CrN have
been discussed in the literature. It has been reported
that the oxidation of CrN is controlled by the0 100 200 300 400 500 600 700
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Fig. 7. Variation of hardness of TiN/CrN multilayers with
annealing temperature.
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layer formed on each CrN grain [8]. On the other
hand, the oxidation of TiN is controlled by oxygen
or nitrogen ion diffusion, which is enhanced by the
grain boundaries of the formed oxide [7]. The grain
size and recrystallization also affect the oxidation
mechanism [28]. In multilayer coatings, presence of
a large number of interfaces is expected to further
affect the oxidation mechanism. Interdiffusion
between the layers and different diffusion properties
of O, N, Ti and Cr in TiN and CrN make the
oxidation mechanism of TiN/CrN multilayers very
complex. Clearly, a simple explanation for the
enhanced thermal stability of multilayers is not
feasible at this stage and further work is necessary.
The above results indicate that the primary
limitations of TiN (lower thermal stability) and
CrN (lower hardness) can be overcome by layering
of the two materials on nanometer scale. Thus, the
TiN/CrN multilayer coatings not only exhibit
superior mechanical properties but also higher
thermal stability as compared to the single layer
TiN and CrN coatings.4. Conclusions
TiN/CrN multilayer coatings were deposited on
silicon substrates using a reactive DC magnetron
sputtering process. The XRD data showedthat coatings with modulation wavelength
130 (AXLX40 (A exhibited a prominent principal
reflection along (1 1 1) plane, which was flanked by
first-order positive and negative satellite reflec-
tions, thus confirming the formation of a super-
lattice structure. TiN/CrN multilayer coatings
showed a maximum hardness of 3800 kg/mm2 at
L ¼ 80 (A, VB ¼ 150V and TS ¼ 400C. The
XRD data of heated TiN/CrN multilayers showed
that the coatings retained superlattice structure
even up to 700C and oxide phases were detected
only at TAX750C. Single layer TiN and CrN
coatings begun to oxidize even at 550C and
600C, respectively. Nanoindentation measure-
ments showed that the hardness of TiN/CrN
multilayers decreased from 3600 to 2800 kg/mm2
upon annealing at 700C. This decrease in the
hardness was attributed to interdiffusion at the
interfaces.Acknowledgements
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